Background. Enterobacteriaceae infections resistant to extended-spectrum β-lactams are an emerging problem in children. We used a large database of clinical isolates to describe the national epidemiology of extended-spectrum β-lactamase (ESBL)-producing and third-generation cephalosporin-resistant (G3CR) Enterobacteriaceae. Methods. Antimicrobial susceptibilities of Klebsiella pneumoniae, Escherichia coli, and Proteus mirabilis reported to 300 laboratories participating in The Surveillance Network (TSN) between January 1999 and December 2011 were used to phenotypically identify G3CR and ESBL isolates cultured from patients <18 years. Bi-annual trends in the prevalence of each phenotype were stratified by species, patient location, culture site, age, and region. Children of age 0-1 years were excluded from analysis as data were only available from 2010 onwards.
encoded enzymes, such as carbapenemases and AmpC cephalosporinases [3] [4] [5] . This changing molecular landscape where multiple resistance mechanisms are carried on mobile genetic elements and are expressed at once further complicates the already difficult task of detecting ESBL producers in the clinical setting [6] . Due to the limitations and variability of testing and reporting practices across laboratories [7, 8] , resistance to third-generation cephalosporins is often used as a more reliable indicator that avoids underreporting the true prevalence of ESBLs and other β-lactamases.
A recent report by the Centers for Disease Control and Prevention (CDC) ranking antibiotic resistance threats in the United States labels ESBLs as a "serious concern [that] requires prompt and sustained action to ensure the problem does not grow" [9] . The CDC National Healthcare Safety Network (NHSN) reports that 4% of pathogens reported from all healthcare-associated infections were extendedspectrum cephalosporin-resistant Escherichia coli or Klebsiella spp. [10] . Infection with these organisms has been associated with prolonged hospital stays, higher hospitalization costs, and increased mortality [11] [12] [13] [14] .
Despite the rising relevance of antibiotic-resistant Enterobacteriaceae infections in the United States [15] [16] [17] , there are few studies describing their epidemiology in pediatric populations. In the present study, we used a large national database of antimicrobial susceptibility results reported between 1999 and 2011 to analyze resistance prevalence trends, demographic and isolate characteristics of pediatric clinical isolates exhibiting third-generation cephalosporin resistance (G3CR), and ESBL resistance patterns. Our primary objective was to describe the national and regional epidemiology of ESBL and G3CR phenotypes in children.
METHODS
Regional and national data were obtained from The Surveillance Network Database-USA (TSN, EurofinsMedinet, Herndon, VA). The data have been used widely to characterize national antibiotic susceptibility trends [18] [19] [20] [21] . The network includes close to 300 clinical laboratories that service 1 or more patient care facilities. Although the identity of laboratories and clinical sites cannot be revealed, participants in the network have been selected on the basis of geographic and demographic criteria to be representative of hospitals in each of 9 US Census Bureau regional divisions [21] . Laboratories are required to submit results from all routine antimicrobial susceptibility testing performed on site, after which data are electronically validated and merged into a central database. Categorical result interpretations are based on Clinical Laboratory Standards Institute (CLSI) criteria adopted by the reporting facilities at the time of testing and reflect susceptibilities as reported to clinicians [19] .
The analysis considered all isolates from pediatric patients (ages 1-17) collected in outpatient (ambulatory), inpatient non-intensive care unit (ICU) (referred to as inpatient), ICU, and long-term care settings between January 1, 1999 and December 31, 2011 and identified as K. pneumoniae, E. coli, and Proteus mirabilis. Recommended detection of ESBLs in Enterobacteriaceae involves screening isolates for reduced susceptibility to third-generation cephalosporins, followed by a confirmatory test [22] . Because ESBL organisms may appear falsely susceptible to some β-lactams under routine testing procedures, CLSI guidelines specific to our analysis period have recommended the qualitative reporting of confirmed ESBL producers as "resistant" to most β-lactams, regardless of actual breakpoint reading [7, 8] . Based on these recommendations, we defined the G3CR phenotype to include all isolates that were nonsusceptible to 1 or more of the 5 agents recommended for ESBL screening (aztreonam, cefotaxime, ceftizoxime, ceftazidime, and ceftriaxone) [22] . The ESBL phenotype included those G3CR-positive isolates that were reported resistant to all β-lactams with the exception of carbapenems, cephamycins, and β-lactam-β-lactamase inhibitor combinations [2] [3] [4] . While data on the use of the ESBL confirmatory testing were not available in TSN, our rule for identifying presumed ESBLs is based on the above-mentioned CLSI reporting standard. The frequency of both phenotypes is reported as the proportion of positive isolates over all tested isolates included in the analysis.
Data from 287 clinical laboratories that reported results in the study period were filtered to retain isolates that were tested against at least 1 drug included in each phenotype definition. To avoid bias from duplicate cultures, we considered only the first isolate from a patient in a rolling 30-day period. Isolates from infants (age <1 years) were excluded from the analysis, as data were only available for 2010 onwards.
Individual susceptibility results were stratified by isolate source (blood, urine, wound, and respiratory), patient location (inpatient, ICU, outpatient), age (1-5, 6-12, 13-17) , sex, and year. The site-level breakdown was collapsed into regions based on the location of the laboratory (West, Northeast, South Atlantic, South Central, East North Central and West North Central), and aggregated over bi-annual intervals in order to smooth trends. Available susceptibility information of G3CR and ESBL phenotypes to seven additional drug classes not included in the phenotype definitions was assessed, including fourth-generation cephalosporins (cefepime), aminoglycosides, carbapenems, fluoroquinolones, nitrofurantoin, trimethoprim-sulfamethoxazole, and β-lactam with inhibitor combinations. Multidrug resistance was defined as resistance to 3 or more of the above-mentioned drug classes. 
RESULTS
Patient demographic characteristics associated with the pediatric K. pneumoniae, E. coli, and P. mirabilis isolates from the TSN database are described in Table 1 . Of 363,398 isolates analyzed between 1999 and 2011, 7255 (2%) were G3CR, and 1734 (0.5%) exhibited the ESBL phenotype. From the age groups represented, tested samples tended to come from younger patients: 37.7% of all isolates were from children between 1 and 5 years of age, 32% from ages 6-12 years, and 30% from ages 13-17, and the median age was 8 years. The age distribution was more skewed toward young patients when looking at the resistant phenotypes, with 47.1% of G3CR and 50.5% of ESBL isolates coming from 1-5-year-olds, and the median age falling to 5 years for both phenotypes. The majority of tested isolates were from female children (85.6%), but the proportion of male patients increased more than twice when looking at G3CR and ESBL-positive isolates (32.4% and 39.2%, respectively). The majority of tested isolates were E. coli (85.2%), from urinary sources (90.5%), and isolated in the outpatient setting (82.1%). Among resistance phenotypes, the share of E. coli declined to 67.8% among G3CR and 65.2% among ESBL isolates, as the relative frequency of K. pneumoniae increased. The relative frequency of blood, respiratory, and wound isolates from ICU and The proportion of resistance phenotypes throughout the period was higher among females, 1-5-year-olds, E. coli isolates, and respiratory cultures (data not shown; see Supplementary Figures 1-4 for respective breakdowns).
Blood and respiratory cultures showed a higher proportion of G3CR and ESBL, rising in prevalence across patient settings, US regions, and pediatric age groups represented in the data (P < .01): respiratory G3CR and ESBL prevalence increased from 7.01% and 2.2% in 1999-2001 to 16.2% and 6.3% in 2010-2011, respectively. Trends were different between males and females when comparing urinary isolates (which tend to be less common, but more resistant among males), and respiratory isolates (which are equally resistant, but more common among males).
When analyzing for linear and quadratic trends between 1999 and 2011, we found a significant increase (P < .01) in the proportion of G3CR and ESBL isolates (Fig. 1) . The overall prevalence of G3CR and ESBL phenotypes increased from 1.4% and 0.26% in 1999-2001 to 3% and 0.92% in 2010-2011, respectively, with the most significant increase seen in respiratory isolates. This correlated with a statistically significant increase in resistance phenotypes seen in all settings (Fig. 2) for G3CR (all P .02) and in inpatient and outpatient (but not ICU) for ESBL isolates (P < .01). Antibiotic susceptibilities to 7 drug classes were assessed ( Table 2 ). The most common co-resistance to non-β-lactam antibiotics in both groups was trimethoprim/sulfamethoxazole (G3CR 52.8% and ESBL 66.1%), followed by aminoglycosides (G3CR 45.9% and ESBL 64.5%), and fluoroquinolones (G3CR 32.8% and ESBL 54.3%). Although the majority of isolates tested carbapenem-susceptible (G3CR 96.5% and ESBL 94.2%), multidrug resistance was common, with Figure 2 . Healthcare setting and national trends in the prevalence of third-generation cephalosporin-resistant (G3CR) and extended-spectrum β-lactamase (ESBL) phenotypes among pediatric Enterobacteriaceae isolates in The Surveillance Network-USA database, 1999-2011. Markers show the bi-annual percentages of isolates in each healthcare setting that belonged to a resistance phenotype. Healthcare setting was determined by patient location at the time a microbiological sample was collected. Data for patients <1 year old were not available for all years and were excluded from analysis. Time trends were significant in the inpatient and outpatient setting for both phenotypes (P < .01, linear trend), and in the intensive-care unit (ICU) for G3CR (P = .02, quadratic trend). Note that the 2 graphs are on different scales to provide better definition, which gives the false appearance of steeper slopes for ESBL trends. Figure 1 . National trends in the prevalence of third-generation cephalosporinresistant (G3CR) and extended-spectrum β-lactamase (ESBL) phenotypes among pediatric Enterobacteriaceae isolates in The Surveillance Network-USA database, 1999-2011. Markers show the bi-annual percentage of isolates that belonged to a resistance phenotype. Data for patients <1 year old were not available for all years and were excluded from analysis. Linear time trends were significant for both phenotypes (P < .01).
46.8% and 74.4% of G3CR and ESBL isolates testing nonsusceptible to 3 or more drug classes (breakdown by species available in Supplementary Table 1) .
Regional data are shown in Though G3CR and ESBL phenotypes were not analyzed for age group 0-1 years due to lack of data before 2010, data from 2010 to 2011 were consistent with the levels of resistance seen in other age cohorts (data not shown, see Supplementary Table 2) . Of 6574 isolates, 271 (4.1%) were G3CR and 82 (1.25%) exhibited the ESBL phenotype. Of the G3CR and ESBL phenotypes, the majority of isolates were E. coli (72% and 81.7%, respectively), from males (57.9% and 53.7%, respectively), and from the urine (52% and 63.4%, respectively). Many of these children also presented in the outpatient setting (G3CR 37.6% and ESBL 48.8%); however, whether these children were previously hospitalized in the ICU or for prolonged periods is unknown.
DISCUSSION
We find that among children, the isolation of thirdgeneration cephalosporin-resistant (G3CR) and presumed ESBL-producing Enterobacteriaceae is becoming more common across patient settings, US regions, and pediatric age groups. These findings are consistent with previous reports of the same data in adults, which also report an upward trend in extended-spectrum cephalosporin resistance in inpatient and outpatient settings, although the prevalence among adults was higher, ranging from 5% to 13% over the same period [18] . Using the largest sample of pediatric clinical isolates to date, we find that the prevalence of G3CR and ESBL phenotypes increased, respectively, from 1.39% and 0.28% in 1999-2001 to 3% and 0.92% in 2010-2011. Trends were significant across all demographic and age groups, including outpatients. Increasing resistance in Enterobacteriaceae is an emerging public health threat, underscored by recent wellpublicized outbreaks and national reports [23] . Resistance to third-generation cephalosporins is particularly worrisome when caused by ESBLs, as the spread of these enzymes is plasmid-mediated and can be transferred to other Gram-negative species [2] [3] [4] . ESBL infections are concerning for many reasons, including increased hospital costs, length of stay, and mortality rates [13, [24] [25] [26] .
To date, ESBLs have been a more pronounced problem in adults, with children carrying a smaller share of the burden due to their limited healthcare exposure. Consistent with a prior analysis of adult TSN data, we find that 70% of positive isolates are from urine, 50% are from outpatients, and 30% are from male patients [18] . Clinical risk factors for ESBL colonization and infection in children may also be similar to those for adults (such as prior hospitalization, prolonged length of stay, prior antibiotic use, and indwelling devices) [26] [27] [28] . However, data from US children are limited, mainly coming from single-center retrospective studies [15] [16] [17] . In our 2-center retrospective case-case-control study of Chicago children identified with ESBL infections between the years of 2008 and 2011, ESBL cases were 5.7 and 3.3 times more likely to have gastrointestinal (P = .001; 95% confidence interval [CI] 1.9-17.0) and neurologic comorbidities (P =.001; 95% CI 1.1-3.7), respectively, when compared to controls; however, gastrointestinal comorbidities may be a general risk factor for Enterobacteriaceae infection as cases of non-ESBL infections were also more likely to have a gastrointestinal condition (odds ratio 3.6; P = 0.014; 95% Cl 1.2-10.1) (Logan et al. [29] ).
We found high rates of multidrug resistance among G3CR and ESBL phenotypes in our study, which was a concern because resistance to trimethoprim/sulfamethoxazole, nitrofurantoin, β-lactam/β-lactamase inhibitor combinations and fluoroquinolones limit oral therapeutic options. Although carbapenem resistance in Enterobacteriaceae was rare in the national cohort, the prevalence of resistant isolates is increasing, even in children [18, 30] . Clinical trials of new antibiotics for the treatment of G3CR and ESBL-producing bacterial infections are conducted primarily in adults. Older oral drug options such as fosfomycin are available to children, but they are indicated primarily for the treatment of urinary tract infection [31] .
The low national levels of ESBL among children (ranging from 0.26% to 0.92% over the study period), as well as the lower regional prevalence of resistant phenotypes in the upper Midwest compared to the rest of the country, are consistent with our local (Chicago) study, which found an ESBL infection prevalence of 1.7% that remained stable over the study period (2008-2011) (Logan et al. [29] ). Nationally, 51.3% of subjects with ESBL-producing bacteria were outpatients; previous medical histories of these children are unknown. Locally, we found 30% of children presented in the outpatient setting, of whom 13% were considered to have community-acquired ESBL infection [14] , which was similar to other pediatric studies (Logan et al. [29] ). This means of acquisition may be increasing in children, as it is in adults [32] [33] [34] . The CTX-M-type ESBL is often referred to as the community-acquired ESBL, and results in multidrug-resistant infections in people with no significant history of healthcare exposure [33, 35] . While assessing the molecular epidemiology of isolates was outside the scope of this study, it is possible that the spread of CTX-M resistance accounts for the high numbers of children we found presenting in the ambulatory setting nationally.
While only a small proportion (0.22%) of national inpatient isolates were from long-term care facilities, this might be an under-recognized source of antibiotic resistance in children. Recent studies suggest multidrug-resistant Enterobacteriaceae are commonly carried by children in long-term care facilities, but often go undetected, posing significant infection control challenges when these patients are transferred to acute-care centers [36] . Long-term care facilities are a well-described reservoir in adults [37, 38] .
Though ESBL and G3CR phenotypes were not analyzed for age group 0-1 years due to lack of data before 2010, data from 2010-2011 were similar to the levels of resistance seen in other age cohorts. However, whether these children were previously hospitalized in the neonatal ICU or otherwise differed from the other represented groups is unknown. Of note, in our case-case-control study of Chicago children, the median age of ESBL cases was 1.06 years [29] . Future studies should focus on the prevalence of multidrug-resistant infections in that special population, as recent reports suggest that long-term fecal carriage of ESBLs is found in colonized neonates (median 12.5 months after hospital discharge), which facilitates intrahousehold transmission [39] .
Our study has several limitations. As our national data are from laboratory surveillance, we cannot account for patient clinical characteristics, or distinguish between confirmed infection and colonization. This limits our ability to compare results with studies such as the Meropenem Yearly Susceptibility Test Information Collection (MYSTIC) program and NHSN, which focus exclusively on pathogenic isolates. Second, patient location entered in laboratory information systems may not correspond to the clinical setting where patients ultimately received care (eg, culture specimens obtained in the emergency department may be counted as outpatient cultures, even if the patient was ultimately admitted to the ICU). Third, although all TSN laboratories apply CLSI methods, susceptibility testing was not centralized. Unfortunately, minimum inhibitory concentrations or the test methods used by TSN laboratories were not available. If local discrepancies in susceptibility testing do affect our data, they would also likely have affected the results of other large-scale surveillance studies, most of which do not rely on centralized testing [20] . Fourth, interpretive susceptibility breakpoints for cephalosporins were lowered in January 2010 [22] ; the new breakpoint revisions could be expected to increase cephalosporin resistance (G3CR) for the same isolates after that date. However, the adoption of revised criteria has been slow to occur in most laboratories [40] , and even so, the trend of increasing resistance appears to have occurred prior to the new breakpoints. Fifth, the analyzed data do not include Klebsiella oxytoca, which is often reported alongside K. pneumoniae [10] . In the latest NHSN, results for the 2 organisms are pooled, thus limiting comparisons. However, earlier NHSN reports that separate the organisms show that, while K. oxytoca is less resistant, it is also is four-to-five times less common, which should not drastically affect our results [41] . Finally, we based the ESBL phenotype on reported susceptibility results, as our data set did not report results of ESBL clavulanate synergy confirmatory testing [22] . To add robustness to our results, we present the G3CR results. Resistance to ceftazidime or ceftriaxone is commonly used by large surveillance studies to proxy for β-lactamase production in E. coli, Klebsiella, and Proteus spp., making our results comparable to other published data [42, 43] .
CONCLUSIONS
ESBL infections in children remain uncommon, but appear to have increased in the United States during recent years, with the majority of isolates displaying multidrug resistance. Presentation in the ambulatory setting is common. Additional studies in children to assess risk factors for acquisition, prevalence in ambulatory and long-term health care facilities, and the molecular epidemiology of ESBL-producing bacteria are warranted.
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